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Ford/BASF-SE/UM Activities in Support of the
Hydrogen Storage Engineering Center of Excellence

Mike Veenstra (PI), Jun Yang, and Chunchuan Xu

Manuela Gaab and Ulrich Muller Don Slegel and Yang Ming

This presentation does not contain any proprietary, confidential, or otherwise restricted information

While this presentation is believed to contain correct information, Ford Motor Company (Ford) does not expressly or impliedly warrant, nor assume any responsibility, for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, nor represent that its use would not infringe the rights of third parties. Reference to any commercial
product or process does not constitute its endorsement. This presentation does not provide financial, safety, medical, consumer product, or public policy advice or recommendation. Readers should
independently replicate all experiments, calculations, and results. The views and opinions expressed are of the authors and do not necessarily reflect those of Ford. This disclaimer may not be
removed, altered, superseded or modified without prior Ford permission
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‘Overview

Timeline Barriers
+ Project Start: February 2009 * AllDOE System Targets®
. PI’Oj ect End: June 2014 *http://www1.eere.energy.gov/hydrogenandfuelcelIs/storage/pdf

s/targets_onboard_hydro_storage.pdf

 Percent Complete: 70%
Partners

* Project Lead: Ford
* Subcontractors: BASF and U. Michigan
* Center Partners:

Budget
» Total Project Funding:

— DOE Share: $2,140K
— Contractor Share: $643k ~ @E>SRNL \Zf/ [l gms«u

+ Funding for FY12: $400K & O BE= f e
o Fund|ng fOI’ FY1 3 $35OK % gnited Tﬁt:émotlngies ‘;:TE’NQEL m JPL
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Relevance: Technical

Three Technical Tasks Contribute to the Overall HSECoE Mission

Task 1: Develop dynamic vehicle parameter model that interfaces with diverse storage
system concepts «ZZ»

Task 2: Development of robust cost projections for storage system concepts  &=»

Task 3: Devise and develop system-focused strategies for processmg and packing
framework-based sorbent hydrogen storage media «z2» |-

llllllll

Materials Properties ehicle Vehicle Viability

Task 3 data supports the creation Viability Tasks 1 & 2 models support
of sorbent bed models & aids in | _ determination of overall vehicle cost
tradeoffs analyses System Modeling & and performance

Development

Bed Modeling Thermal Management & Bed System Modeling
Task 3 data supports the Modeling Tasks 1 & 2 models enable storage

validation of sorbent bed and concepts to be exercised at the
system models real-world vehicle level
y Materials Properties & Compaction
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‘Relevance: Organizational

Ford has many roles and responsibilities within the HSECoE
at both the executive and working levels.

Key organizational functions:

o As technical contributors,
disseminate data & models
across the HSECoE

o As team leads, foster inter-
partner communication &
streamline & align research

o Act as liaisons between the
HSECoE and the C&S and
Storage Tech. Teams

o Provide an automotive
perspective & context

©

2)

HSECoE

-

DoE Program
Management

N. Stetson
J. Adams

(0]573
M. Cai, GM
M. Veenstra, Ford

System Architects

| T. Semelsbherger

\

Lead adsorbent
wem architect

Center Coordinating Council

D. Anton, Center Director

N\

Technoloqy Area Leads
Performance Cost &

T. Motyka, Assistant Director

Energy Analysis
M. Thornton

Materials Operating

\ R. Bowman

DOE Program Liaisons \

Independent Projects
T. Motyka

Requirements
E. Rénnebro

Transport Phenomena

Integrated Storage
System/Power Plant Modeling

B. van Hassel

Enabling Technologies

Subscale Prototype
Construction, Testing, &
Evaluation

T. Semelsberger

J. Holladay

Hydrogen Safety
J. Khalil

External Communications
T. Motyka

Leads adsorbent
MOR team

\ Leads powerplant
modeling tey

» Core contribution areas of project outcomes [red]
* Ancillary contribution areas of project outcomes [green]
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Approach: System Architect and OEM perspective

System Architect Role (D. Siegel) // f—
» Coordinated design/performance trade-offs 5% /)~ %M?N'L
* |dentified strategic decisions (i.e. pressure, temp, tank) =
* Developed criteria for media selection and milestones
* Completed Phase 3 test plan and target matrix MOF-5 MATI 100 bar
» Organized analysis for Phase 3 Go/No-go Review 80 K, Type I (Al
Start Time to Full Flow (20°C Gr""‘;ﬁ";ft”cne“‘tj’m‘mDewememp_ | B i ? HibressursSanser__, isclated Hydrogen
OEM Perspective Role (M. Veenstra) . = X 4 2077 00 e e
- Developed fuel cell model and vehicle use cases .
* Supported cost studies with high volume analysis
* Provided FMEA guidance to avoid failure modes ™" S o
* Quantified objective function for system rankings N e T e e e
Cycle Life (1/4 - fuuavm uuuuu ‘\c pensty Onboard Efficiency -E 5.0%
System Score = Grav. Score + Cost Score + Vol. Score 5 0%
Target Score = (% of Target Obtained)*) (Importance * Correlation Constant) -
Gravimetric Score = Sgpe, (kg X Cgre + Ipr X Cgpr * hua X Cgya * hve X Caye) Graumetrc Doty Change from 2017 Tart
Cost Score =S¢y, X lye X Ceye o
Volumetric Score = Spy, X Ipg X Cypr o
Rating value based on how i o
important to customer? \ Z o 1w
- Used HSTT OEM Analytic knportance: IFe Ior E
Hierarchy Process (AHP) °
with sales and survey data
Velumetric Dg\%lyméchange from 2017 Target
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Progress: Reevaluated System Design FMEA

FMEA = Failure Mode and Effects Analysis (industry tool per SAE J1739)

o ldentifies and evaluates the potential failure of a product and its effects

o  Documents the risk and helps prioritize the key actions to reduce failures

Example actions during phase 2 for reducing the Risk Priority Number (RPN)
1. Completed initial homogenous material analysis and heat exchanger testing

2. Revised tank construction from composite to aluminum and completed cryogenic testing
3. Developed designs with deep-dive technical reviews, controls, and test plans for Phase 3

Phase 1 - FMEA Analysis for Adsorbent System Phase 2 - FMEA Analysis for Adsorbent System
800 800
700 700 /de”ﬁﬁed T —
600 [ n
E” o 5%° Q mOde
£ 500 RPN values | | £ oo RPN values S J
< « High: 720 : « High: 512
400
o * Mean: 188 & * Mean: 113
300 % 300
200 200
100
o LA A AL AL A ||||| ,",l,,,|,“,|,|,|,|,|,|,|,|,|,I,I,I,I,I,.,.,., Il .|....|....|...|.|.|.|.|.|.|.|.|.|.|.|.I.|.|.I.|.'.'.'.

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 B89 93 97 101105109 1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101105109
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Materials %
For
A -—
- &
Project: :
: MOF-177 IRMOF-8 ZIF-8 HKUST-1
\_ Basolite Z100-H ) Basolite Z377 Basolite Z200 Basolite Z1200 Basolite C300
Material Langmuir Surface | Measured Max Excess é:j;ziu[fpﬂi); Eﬂfczssir%dpgiz Measured Absolute Uptake |DOE Targets
2 .0, .0 .
Area (m?/g) Uptake (Wt-% H,) (Wt % H,) (g-Hy/L) @ 70 bar (Wt-%H,) | (g-H,/L) (2017)
MOF-177 5000 7.0 7.0-7.2 30 (SC) 13 (LP) 12.0 | 51 (SC), 22 (LP) Volumetric
MOF-5 3500 6.0 5.2-6.0 37 (SC) 6 (LP) 10.0 | 62 (SC), 10 (LP) 40 g-H,/L
IRMOF-8 1700 33 3.5 15 (SC) 10 (LP) 4.3]|19 (SC), 13 (LP) Gravimetric
ZIF-8 1650 2.7 3.0-3.3 25(SC) 6 (LP) 4.1]38(SC), 9 (LP) 5.5 wt%H,

‘SC’ and ‘LP’ indicate whether the volumetric capacities are based on single crystal (SC) or loose powder (LP) density, These values help by providing upper and lower
bounds to volumetric uptake.

Adsorbent Material Down-selection was based on:

* Performance: MOF-5 outperforms MAXSORB in gravimetric density and in volumetric density (along with other MOFs).
*Availability: MOF-5 has been provided supplied in high quantities to the center by BASF

* Future Prospects: MOF-5 is a member of the larger class of Framework Materials, which has a large potential.

+ Safety: MOF-5 in not believed to present any known safety hazards

MOF-5 was selected as the primary adsorbent material for the HSECoE
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‘Approach: Phase 2 SMART Milestones and Tasks

Adsorbent System
Component Partner S*M*A*R*T Milestone
Report on ability to develop compacted MOF-5 adsorbent media having a total hydrogen material

Materials Development FoBrX/SUFM/ density of greater than or equal to 0.3 g/cc, H2 density of 11 wt. % and 33 g/liter and thermal
conductivity of 0.5 W/m-K at P = 60-5 bar and T = 80-160K.
Report on ability to demonstrate a composite MOF-5 adsorbent monoliths having H2 effective kinetics
. Ford/UM/ . . S ;
Materials Development BASF equivalent to 5.6 kg usable H2 over 3 minutes and permeation in packed and powder particle beds

with flow rate of 1 m/s superficial velocity and pressure drop of 5 bar.

MOF-5 Material Development Tasks

o Density of = 0.3 g/cc with total capacity: = 11% and = 33 g/l

o Thermal conductivity of = 0.5 W/m-K at 5-60 bar and 80-160 K

o Demonstrate effective kinetics for 3 minute fill of 5.6 kg

o Demonstrate permeation with flow rate of 1 m/s and pressure drop of 5 bar

A MOF-5 Material FMEA Tasks
o Non-homogenous bed: Evaluate material variation (i.e.
surface area, density, thermal conductivity, scale-up, etc.)
High RPN values due to insufficient controls o Air exposure & in-service activation: Need to quantify the

8

level of allowable air exposure and in-service activation.

RPN Rating
=

7777777777777777777 0 CyCIIng over lifetime: Pressure CyCIing test of pellets
||HNH|HHHWH } gD o e aatebased o Impurity effects: Evaluate effects with hydrogen purity at or

g

beyond the limits of SAE J2719
Safety Assessment: Determine the ignition energy levels for
handling of the dust and internal pressure effects

@ HSECoE 2013 DOE Annual Merit Review Meeting 8
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Progress: MOF-5 Gravimetric Density Results

Milestone Task: Density of 2 0.3 g/cc with tolal capacity 2 11% at 5-60 bar and 80-160 K

6 EEPerE s e e g —-t:._
8 j _,.-—n—l;.—-_n_ -—a, —--'_'
% e T . .
E 4 & P I S
£ 319
5 Pellet densities (g/cc):
=2 2 ® Powder * (.52
% 1 032 v 060
g - 0.41
w 0 " . . a i
0 20 40 60 80 100

Pressure (bar)

Impact of Densification
No impact on excess adsorption at 0.3 g/cc but ~40%
reduction in total adsorption due to void volume

AdSOl"ptiOl’lmml = msorbent (nex + Vvoid pg )/(msorbent + Nt)

25

Skeletal Density

*  Conducted a study
of skeletal density
variations for multi-
densities and ENG

vald l/pbulk l/psk

Histogram of MOF-5 Skeletal Density
Normal

Density

Total Adsorption (g/g x 100)

o m N W » e N @

16 17 18 19 20 21 22 23

20

15 +

10 +

—e—Powder
—=—.3glcc
—4— 4 glcc
—e— 5 glce
—+— G glcc

40 60 80 100

Powder Powder 0.3 glcc 0.3 glcc
60 bar & 80 K 5-60 bar & 80 K 60 bar & 80 K 5-60 bar & 80 K

17%

60% packing efficiency:

12%

18 %

10%

14 %

Pressure (bar)
0.3 glcc
5-60 bar & 80-160 K
9%
10 % 12 %

Total capacity of 2 11% is possible with a 0.3g/cc pellet and 60% packing

@ HSECoE
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Progress: MOF-5 Volumetric Density Results

Total H, Storage (g/L)

Milestone Task: Density of 2 0.3 g/cc with tolal capacity 2 33 g/l at 5-60 bar and 80-160 K

Total H, Storage (g/L)

— Compressed H, —— Compressed H,
_______ ® Powder ® Powder(p=013g/ml) ||
Pellets (p = 0.3 g/ml) Pellets ( p =0.5 g/ml)
A 0% ENG 10% ENG A 0%ENG 4 5%ENG
& 5% ENG + 1% ENG 10% ENG
1 1 1 11 + L | 1 E |
60 80 100 0 20 40 60 80 100
Pressure (bar) Pressure (bar)

Note: All curves currently assume skeletal densities of 2 g/cc and 100% packing efficiency.

Powder 0.3 glcc +5% ENG | 0.3 glcc +5%ENG | 0.5g/cc+5%ENG | 0.5 glcc + 5% ENG
5-60 bar & 80 K 5-60 bar & 80 K 5-60 bar & 80-160 K | 5-60 bar & 80 K 5-60 bar & 80-160 K
20 g/l 22 g/l 31gl 22 g/l 34 g/l

60% packing efficiency: 20 g/l 26 g/l 21 g/l 27 g/l

Total capacity of =2 33 g/l at 5-60 bar is theoretically achievable with 80-160 K

@ HSECOE 2013 DOE Annual Merit Review Meeting
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Progress: Thermal Conductivity of MOF-5

Milestone Task: Thermal Conductivity of 2 0.5 W/m-K at 5-60 bar and 80-160 K ..., ©ww=®

Thermal Conductivity Data of MOF-5 and MOF-5/ENG Composites - N N
¢ Neat m +1wt%ENG 4 +5wt%ENG -e~+10wt.% ENG - .5 g/cc pellets WW
o 10 -
ﬁé 09 250C o igm::g(ﬁnp::wmﬂ
% 08 / § 0.60
-*E‘O.? — z I | e =
g 06 — % 0w
L e e S
8 04 E o
g 03 2
8 02
__ . _ . .
= 01 '—.‘/ + o 0 50 100 TL?quperaturez?R} 250 300 350
00 . . .3 g/cc pellets
030 0.40 050 0.60 070 080 o I
Compact Density (g/cc) § 0.80 |||||||||IIIIII“”"”Ll"
MOF-5 has an extremely low thermal conductivity 2 £ ST ol g0
o - .Z_ 0.60 wi
and needs further advancement to optimize the heat Z
exchanger concepts and system design. E
«  Enhanced Natural Graphite (ENG) at 10 wt% has :

been shown to significantly improve (~4x to 6x

Temperature (K)

depending on temperature) the thermal conductivity. GM R&D Data — 2012 AMR

Thermal conductivity of 2 0.5 W/m-K requires 10 wt% ENG at ~100 fo 150 K
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Progress: Permeation Testing of Densified MOF-5 |

Milestone Task: Demonstrate permeation with flow rate of 1 m/s and pressure drop of 5 bar

CDMDI.IIQI' /A_‘“ |I ‘ T T T T
DAQ ———| || Thermocou e 1 1
Flow Mete;rh " 1 | *  After degas 206K ¢ MOF-5-77K
w2 pressure 71 72 nemocpuple 2.5e-1 \ == — Trendline29%6K O +5%ENG-TTK
Valve 283 = \ === = Trendline-1TK o +10%ENG-T7TK
I_{;rq__.nmn o ] i # After degas 77K |
Valve 5 g 2.0e-1 - 1 s MOF-5-296K
| ~ ' T4 » +5%ENG-296K
> ] ¢ 4 +0%ENG-296K |
S % 1561 4 \ 2002
Liquid N2 m 7 \ \. .""-h &
Container J 3 ek SFY | X
% 10e4] " b T
Copper Coil = 3\ \ i b S O @Jo . & ]
| D; \ N 00— Trer¥&d
a. Setup diagram b. Sample Holder (] A8 \ 0.40 0.45 0.50 1
G 5.0e-2 - AV T NS B -
. | S——— S ]
a ] %, - I
1 o -9 - = &
] i ~———a® s &
0.0 - L& ST SRS vy, WP
—,— et
0.25 0.30 0.35 0.40 0.45 0.50

Sample Density (g cm™)

Darcy permeability of hydrogen versus sample
density from the data

_vu h  v=velocity h=height

AP o
K u=visocity k= Darcy

Pellets of .3 g/cc (77 K) have a projected pressure drop of 3.6 bar at 1 m/s

Projection based on an extrapolation based on test data at .12 m/s with a Darcy of .0486 (or.0465 compressible gas equation)

@ HSECoE 2013 DOE Annual Merit Review Meeting 12



Progress: Effective Kinetics and Cycle Testing

Milestone Task: Demonstrate effective kinetics for 3 minute fill of 5.6 kg

MOF-5 Pellet, Density=0.39g/cc
MOF-5 pellets have high rate of

1 |
= —_— e kinetics and is maintained over
g 4+ . ,.-/ et multiple cycles.
S5 34« I —=— after132cycles
2 TI | after390cycles . .
T 2|14 ! Initial cycle testing of powder (below)
) I 1
2 .1 | over 240 cycles and pellets over 390
T 0-/ ! cycles provide stable results for both
g o 1 2 3 4 5 6 kinetics and uptake adsorption %.
05 Time(min)
) 6 - | | - p,!;'ii‘;u,»<ut..> h
% 5
£ "
% 3 H’HHHMH—H—HHH Hﬂﬂ”ﬂ—ﬂﬂ mﬂﬂmmﬂ[mﬂﬂmﬂ[k H( g
g 2 | " s
Yo 10 20 30 40

Cycles

MOF-5 pellet testing demonstrates consistent kinetics and uptake
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Progress: Homogenous Evaluation of MOF-5

FMEA Task: Non-homogenous Bed Failure Mode - Evaluate pellet variation

6x6 mm,1 +/- 0.01% graphite, .377 g/cc with o = .012 g/cc

MOF-5 Powder Density (g/cc)
NOTE: POINTS HAVE DIFFERENT NUMBER OF TAPS

* GWO0118 - pellets

3 4 .q' 0.2
e - - ".- .
o 18 & 0.2 +
A +
4 0. - -
* +

&
L 4

e
0

¥

o
Fun)

Powder Density
o o o o
I

&
hd

o
N

o
s

0.215
0.21

ty

0.205

0.2

0.195

0.19

Powder Dens

0.185
0.18

P '?!' ¥ i “ e A
*Property Characteristics and Variations

o
~
a

7.5 75 750
Holder Volume (ml)

MOF-5 Powder Density (g/cc)

o

25 ml holder

7 ﬁ

1000 1500 2000 2500

Number of Taps

500

Particle Size Distribution

Type Particle Size (mm) | Density [BASF] BET SA [B-F] | Pore Volume
or Pellet Dia. (mm) (g/cc) (m23/g) [B-F] (cm?/g)

1.27

Powder 99% conf: < .86 .19 (tap density) 2680-2763 E

Pellets neat 99% conf: 5.9 - 6.0 99% conf: .34 - 41 2477-2489 1.18 -1.21 :
=

Pellets+5%ENG 99% conf: 5.9 - 6.0 99% conf: .35 - .43 2387-2702 1.14-1.18 ;

Volume Frequency (%)

il

2013 DOE Annual Merit Review Meeting g
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Progress: Microscopy Analysis of MOF-5 & ENG

FMEA Task: Non-homogenous Bed Failure Mode - Evaluate pellet variation

MOF-5 + 5wt% ENG, D=0.39 glcc MOF-5 + 5wt% ENG, D=0.39 glcc

Magnification 25x 6mm x 6mm pellet
Magnification 25x

@ HSEBOE 2013 DOE Annual Merit Review Meeting



Progress: Microscopy Analysis of MOF-5 & ENG

FMEA Task: Non-homogenous Bed Failure Mode - Evaluate pellet variation

ENG orientation angle within pellets

Avg. Angle(degrees)

Avg. Length(mm)

24.30

0.364

24.95

0.310

20.70

0.315

23.44

0.254

19.12

0.322

|| |WN (-

22.50

0.31

Std Dev:

2.49

0.04

(&) HSECOE

MOF-5 + 5wt% ENG, D=0.39 g/cc
Boundary lines between ENG and MOF-5,
magpnifications of 50x and 400x

ENG particles form
around MOF-5
conglomerates
during processing

ENG deposits in the MOF-5 have a horizontal orientation preference |
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Progress: Anisotropic Effects of MOF-5 & ENG

FMEA Task: Non-homogenous Bed Failure Mode - Evaluate pellet variation

Anisotropic permeation evaluation was studied with specialized pellets

Compression

D=6.0mm

‘ 12.70 mm ‘

Cross-
compression

23.35 mm

‘ 11.674mm

ey Lad Table 2. MOF-5+5wt % ENG sample density vs Darcy permeability& diffusivity
i MOF -5 +5% ENG at 296 K [ MOF5 +5%ENG at 77K
- - D(gm?) & Ke@mcy) D () Digam’) € K (Dacy) D: (m's)
L 03057 01896 01743 2086x10° 02914 00486, 00465  1373x10°
’ 03006 01741, 01717 1942x10° 03244 00209, 00193  5877x10%
L DR W, _ 03244 0079, 00689 9.028<104 03587 00081, 000679 2292x10%
Z'61 82mmt2 : | 03587 00581 00461 6314x10% 03600 00094, 000809  2.671x10*
T 03981 00278, 00185 3059x104 03974 00044, 00032  1258x10%
I 04040 00409 00214 452x10¢ 03081 00046, 00036  1321x10*
MOF-5+5% ENG, D=0.4 g/CC permeablllty iINthe  ousi0 oo 00087 1764x104  o0s oo coos2s 36108100

04908 0.0114, 00020 1275x10% 04317 0.0041, 00031 1.169=10+

cross-compression direction are listed inred 10 ;i5s  ooost o0 ss30m100 04510 00025 0000 314e10:
Compare Wlth the CompreSSIOn dlreCtlon In blaCk 04942 0.0064, 00029 7.0533=104 0.4933 0.0026, 00018 T411=10%

0.4942 0.0022. 0.0015 3.971=107F

| Specialized anisotropic pellet has a ~2x improvement in the permeability |

HSECoE 2013 DOE Annual Merit Review Meeting 17
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Progress: Anisotropic Effects of MOF-5 & ENG

MOF-5 specialized pellet .37 g/cc + 5% ENG

S

0.90
0.80
0.70 -

0.10
0.00

Thermal Conductivity (W/m-K)

0.60 -
0.90
0.40 -
0.30
0.20

FMEA Task: Non-homogenous Bed Failure Mode - Evaluate pellet variation

Cross-compression thermal conductivity

Compression

Cross- compresswn

Compre'

-------------------------------------------------------------------------------

—————————————————————————————————————————————————————

d|rect|on |mprovement

10
09
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1
0.0

K)

nductivity (W/m-

Co

Thermal

ssion dlrectlon basellne §

0 20 100 130 200 250 300 350

Temperature (K)

Cross-compression thermal conductivity

MOF-5 specialized pellet .36 g/cc + 10% ENG

¢ Neat m+Twt%ENG A Hwt%ENG -e-+10wt% ENG

25°C

_*

> ®

/

\
\

"
" -

— —

0.30 0.40 0.50 0.60 0.70
Compact Density (g/cc)

Specialized anisotropic pellet has a ~2x to 3x improvement in the conductivity

@ HSECOE
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Progress: Humidity and Air Exposure Testing

FMEA Task: Air exposure & In-service Activation Failure Mode

Design of experiments testing initiated to evaluate the hydrogen uptake effect

Air Exposure Test

Time Exposure  |Humidity Level| Form Activation

O0m,12m,90m 20%, 45%, 60% Powder, Pellet Yes, No

Ford Lab - typical climate control over 24 hr period
Humidity Level: 46.1% o = .06%
Temperature: 22.2Co=.3C

@ HSECoE 2013 DOE Annual Merit Review Meeting 19



Progress: Humidity and Air Exposure Testing

FMEA Task: Air exposure & In-service Activation Failure Mode

MOF-5 powder test
_ Humidity Level: 45% lab exposure
| P

X [—m— 0 min ACT 20120904

—0— 12min NAct 20120914
—0— 12min Act 20120916
—0o— 1.5hour NAct 20120916
—o— 1.5hour Act 20120918

—A— 2.5hour Act20120906
—o— 8hour Act 20120622

Hydrogen uptake (wt%)
Hydrogen Uptake(wt%)

0 10 20 30 40 5 60 70 80 90
Pressure(Bar)

12 minute exposure (Act): 1.2% peak decrease

12 minute exposure (NAct): 1.5% peak decrease

1.5 hr exposure (Act): 3.5% peak decrease

1.5 hr exposure (NAct): 3.7% peak decrease

2.5 hr exposure (Act): 3.9% peak decrease

8 hr exposure (Act): 9.2% peak decrease

—T T T T T T
100 110 120 130

MOF-5 pellet test, D=0.357 g/cc
Humidity Level: 45% lab exposure

—m— Omin Act 20120920
—o— 12min NAct 20120921
—o0— 12min Act 20120923

[—o— 1.5hour NAct 20120925

L L R | T T 1
0 10 20 30

I4IOI5IOI60I7I0I80 90
Pressure(Bar)

—T T T T T T 1
100 110 120 130

12 minute exposure (Act): 0.1% peak decrease
12 minute exposure (NAct): 1.5% peak decrease
1.5 hr exposure (NAct): 0.9% peak decrease

MOF-5 had limited degradation with 1.5 hr lab humidity (45%) exposure

@ HSECoE
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Progress: Humidity and Air Exposure Testing

FMEA Task: Air exposure & In-service Activation Failure Mode

MOF-5 powder XRD (not activated)
Humidity Level: 45% lab exposure

2e1005

g ] . | . S SN S - S 7
£ /|- f x ~ 250h
2 S kX su ool o g cogee oo olanR
z = L ar safeeuiBepss sme valaeeaiakel
let005[ ) e T AT T R iy
YT o IR TSIt RS . WRRS G [ | |
. . : A - 3I0min
e e e P e 10w
e e M i ot SETIRH
Oe 000 A - : el P o PN OFTREN
5 10 15 20 25 30
2-theta (deg)
MOF-5 powder XRD (activated)
idi : 45% lab
Humidity Level: 45% lab exposure
__ 2e+005
g
= 53
£ 1e+005 4gh
1h
30min
]()r_nin
o

2-theta (deg)

XRD lab humidity results support the hydrogen uptake measurements
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Progress: MOF-5 Dust Ignition Safety Testing

FMEA Task: Containment Failure Mode — Material handling or rupture with ignitable dust mixture

Assumption: Worst case scenarios 20 L Sphere i
Evaluation: Safe handling of MOF-5, \H\EJL | N,

tank operation and rupture 4 4 1 4
Experiments and results: N

1) Differential Scanning Calorimetry:
No chemical reaction between MOF-5 and
hydrogen (energy release or onset temp) $ =
2) Dust Explosibility Tests i !
The Hartman tube test did not ignite the MOF-5 7
with about 4 J of energy. The 20 L sphere dust
test did result in ignition with a high energy
level of 2 kd. MIE is between these values with
the exact value to be determined with further

testdata. | TR

Aluminum Dust 15 md

Reference Information: Magnesium Dust 40 mJ

- Static electric spark is F— 30 to 60 mJ
typically 22 mJ oal Pust o
240 mJ IEI

Grain-based Flour

S~ 8 —

Analyses done by BASF's safety engineering group in Ludgwigshafen, Germany in an accredited laboratory according to
DIN EN ISO/ IEC 17025. All standard test methods are performed according to official guidance documents.
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‘Summary: Phase 2 SMART Milestones and Tasks
MOF-5 Material Development Tasks _

Density of = 0.3 g/cc with total capacity: v" Demonstrated a theoretical total capability of = 33 g/l

=2 11% and = 33 g/l for densities of = 0.3 g/cc and potential for 11 wt %
Thermal Conductivity of =2 0.5 W/m-K v" Demonstrated thermal conductivity of = 0.5 W/m-K can
at 5-60 bar and 80-160 K be approached with 10% ENG at ~100 to 150 K
Demonstrate effective kinetics for v~ Conducted sub-scale cycle test that provided effective
3 minute fill of 5.6 kg kinetics with the potential of a 3 minute fill
Demonstrate permeation with flow rate v" Provided permeation data that indicates a projected

of 1 m/s and pressure drop of 5 bar pressure drop of 3.6 bar at 77 K for .3 g/cc

MOF-5 Material FMEA Tasks E

Non-homogenous bed evaluation Completed microscopy analysis and evaluated
potential to optimize with anisotropic properties

AN

Air exposure & in-service activation v Initiated a design of experiments for humidity exposure
Cycling over lifetime v~ Confirmed over 390 cycles without degradation
Impurity effects v" Planned a design of experiments for impurity exposure
Safety Assessment v" Completed ignition and internal pressure evaluation
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‘Future Work: Complete Neutron Imaging Analysis

Completed in situ neutron imaging of MOF-5 pellets for model

validation and mass transport analysis (1 quarter 2013)

Results and Next Steps: 2200-3284  7405-8198 Pressure vs. Frame number
0-0.043Bar 1.0-1.3Bar

1. Characterized transient behavior
associated with recharge and
discharge as a function of rate and

. . . 37500-37994 41000-42000 A

2. Evaluated mU|t|p|e Or|entat|0ns and 5.92Bar 9.21-9.20Bar 0 5000 10000 15000 20000 25000 30000 35000 40000 45000
ENG levels for anisotropic effects. e

3. Calculate intensity and validate the

mass transport models.

Pressure(Bar)
6 - s oo o o B

Tomography for MOF-5 pellet
with 10% ENG, density=0.4g/cc

Horizontal ~ Vertical w/ring  Vertical w/o

ri.ng

o

0.0001 0.030 0.190 0.271 0.407 0.517 0.593 0.705+

The ENG particle (density=2.2g/cc) should have attenuation
coefficient y=0.608, which corresponds to dark blue
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Future Work: Technical gaps & near-term plans

. Demonstrate engineering concepts
Scale-up and characterization of MOF-5 materials based on production manufacturing process
Synthesis of 10 kg MOF-5 for system testing at UQTR and pucks for MATI system at OSU

o

—

2. Required material properties
Alternative approaches to enhanced thermal conductivity
Robustness and failure mode testing:
o Powders vs pellets handling and alternative loading configurations
o Clean vs. “dirty” H, (impurities other than humidity based on SAE J2719)
o Failure mode and degradation mechanisms (i.e. thermal and cycle effects)
Evaluate theoretical potential of MOFs and predict expected material properties

3. Develop and validate engineering models

Validate and refine integrated framework model based on system testing

Translate sub-scale system test results to full scale vehicle simulations

ldentify cost/function benefits for system associated with the integration of components

Phase 3 SMART Milestones

»  Report on the ability to enhance thermal conductivity beyond 10% ENG at operating temperatures
» Report on the degradation and failure modes associated with real-world operating conditions

»  Determine the parameters and viability of a production on-board sorbent system

oy
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Collaborations: HSECoE Partners

@SRNL

=
H| RT!’\
1)

U

Il
030

HEXAGON
LINCOLN

Pacific Northwest
NATIONAL LABORATORY

% United Technologies
Research Center

ol -
& BMREL
=
%" National Renewable
Energy Laboratory

JPU

SRNL (federal lab collaborator): team lead for sorbent (bed) transport
phenomena, adsorbent system modeling, and center management

Universite du Quebec a Trois-Rivieres (university collaborator):
adsorption system test bench and MOF-5 isotherm validation

GM (industrial collaborator): sorbent materials operating parameters,
sorbent system modeling, and helical coil heat exchanger development

Oregon State University (university collaborator): development of micro-
channel internal bed heat exchanger and combustors

Hexagon Lincoln (industrial collaborator): pressure vessel development
for hydrogen storage system concepts

PNNL (federal lab collaborator): team lead for cost modeling, bill of
materials, and materials operating requirements

UTRC (industrial collaborator): material particulate testing, MOF-5
thermal conductivity measurements, and on-board system modeling

NREL (federal lab collaborator): vehicle level modeling, wells-to-wheels
analysis, MOF-5 isotherm validation, and low temperature isotherms

JPL (federal lab collaborator): insulation development and cryogenic
parameter evaluation

Interactions include monthly team meetings (sorbent system, material operating req., system
modeling), regular data and information exchanges, and nine HSECoE face-to-face meetings

@ HSECoE
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General FMEA Overview and Approach

The FMEA is based on the required system functions from the technical targets.

Table 2 Technical Targets: Onboard Hydrogen Storage Systems

« Toxicity
+ Safety
o Loss of useable H,*

Scelh

(g/h)kg H. stored

Storage Parameter Units 2010 2017 Ultimate

System Gravimetric Capacity: kWh/kg 15 1.8 25
Usable, specific-energy from H (net (kg Hz/kg (0.045) (0.055) (0.075)
useful energy/max system mass) * system)

System Volumetric Capacity: kWh/L 09 13 23
Usable energy density from H; (net (kg Hz/L system) (0.028) (0.040) (0.070)
useful energy/max system volume)

Storage System Cost ™ $/kWh net TBD TBD TBD

($/kg Hy) (TBD) (TBD) (TBD)
« Fuel cost © $/gge at pump 37 24 24
Durability/O perability:
» Operating ambient temperature ° °C -30/50 (sun) -40/60 (sun) -40/60 (sun)
« Min/max delivery temperature °C -40/85 -40/85 -40/85
+ Operational cycle life (1/4 tank to full) ® Cycles 1000 1500 1500
+ Min delivery pressure from storage
system; FC= fuel cell, ICE= intemnal bar (abs) 5 FCI35ICE 5 FC/35ICE 3FC/35ICE
combustion engine
. g"s’t‘e"nj"“ew pressure from storage bar (abs) 12FCHO0ICE 12 FC/100 ICE 12 FC/100 ICE
« Onboard Efficiency % 90 90 90
+ “Well" to Powerplant Efficiency % 60 60 60
Charging / Discharging Rates:
« System fill time (5 kg) min 42 33 25
(kg Ha/min) (1.2) (15) (2.0
« Minimum full flow rate (a/sVkW 0.02 0.02 0.02
« Start time to full flow (20°C) ° s 5 5 5
« Start time to full flow (-20°C) 9 s 15 15 15
. Trar;'swenl response 10%-90% and 90% - s 0.75 0.75 0.75
0% ) i
- i . SAE J2719 and ISO/PDTS 14687-2
' % Hs .
Fuel Purity (H- from storage) Yo Hy (99.97% dry basis)
Environmental Health & Safety:
» Permeation & leakage !

Meets or exceeds applicable standards

0.1 0.05 0.05

@ HSECoE
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Cost of Ownership
(Provide a competitive system)

Accept Fuel
(Fill storage system)

Deliver Fuel
(Supply H, from storage system)

Store Fuel
(Manage H, in the system)
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General FMEA Overview and Approach

Severity

Effect

Ranking

Hazardous
without
warning

10

Hazardous
with warning

Very High

High

Moderate

Low

Very Low

Minor

Very Minor

Nl W] | OO O

None

@ HSECoE

X

Occurrence

Probability
of Failure

Ranking

Very High:
Persistent
Failures

10

9

High:
Frequent
Failures

Moderate:
Occasional
Failures

Low:
Relatively
Few Failures

N| W] | O] O

Remote:
Failure is
Unlikely

X

Detection

Likelihood
of Detection

Ranking

Absolute
Uncertainty

10

Very Remote

Remote

Very Low

Low

Moderate

Moderately
High

Al | O N| ©©] ©

High

w

Very High

Almost
Certain
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